Introduction
The application of human genetic findings has revolutionized drug discovery in select therapeutic areas, such as oncology, but it has made only a modest impact in identifying novel targets for psychiatric conditions. Indeed, psychiatry drug discovery-and schizophrenia in particular-is facing a crisis with an apparent extreme difficulty in delivering novel treatments despite a significant and unanimously acknowledged medical gap in the efficacy of current approaches for key aspects of the disorder, such as cognitive deficits (McCarroll and Hyman, 2013) . Until recently, progress in psychiatric genetics was slow in comparison to other therapeutic areas, and the notion of being able to use human genetics to find new drug targets for schizophrenia was not widely embraced. Now, with the publication of 108 robustly associated loci for schizophrenia by the Psychiatric Genomics Consortium (PGC) (Ripke et al., 2014) , the stage is set for the discovery of novel treatment paradigms based on robust human genetic evidence. Comparing the genomes of subjects with and without the disorder, it has become clear that at least some of the susceptibility of schizophrenia can be linked to specific regions in the genome (loci). The loci implicate both novel and previously hypothesized mechanisms (dopamine, NMDA) as causally contributing to schizophrenia risk. The unprecedented high statistical robustness of the data included in the PGC schizophrenia study (36,989 patients and 113 ,075 controls from dozens of cohorts contributed by hundreds of investigators) instills strong confidence in the many novel candidate genes and pathways identified in this study. Now, as we are starting to identify novel aspects of the underlying biological basis of this disorder, we can be optimistic that new therapeutic hypotheses can be derived (and ultimately tested in the clinic) from these genetically informed neurobiological insights.
The path from genetics to new medicines is long and far from clear, yet several aspects can be readily identified. Below, we outline one approach for moving from this exciting but long list of genetic candidates to the identification of disease-relevant pathways and mechanisms that could be viable targets for drug discovery. The approach we outline here is one taken by our group at Pfizer Worldwide Research and Development (WRD), and we openly acknowledge that there are other groups, both from industry and academia, with potentially similar or perhaps alternative strategies also pursuing candidates from these genetic data. It is also worth noting that the overall strategy deployed here for schizophrenia is easily generalizable and in principle applicable to any human complex disorder where sufficient genetic substrate is available, including Alzheimer's disease, Parkinson's disease, multiple sclerosis, type 2 diabetes, autoimmune disorders, and many more. These efforts will require extensive collaborations not only among industry, but with key academic partners and consortia to reach a common goal: a rational and data-driven quantitative exploration of novel target mechanisms to benefit patients at large.
From Disease Locus to Testable Therapeutic Mechanism
The value of human genetics in drug discovery and development is unquestionable, bridging the entire process from discovery genetics to clinical genetics. A portfolio of genetically validated targets can provide a sustainable pipeline of targets that are less biased toward ''old'' concepts and deeply rooted in human biology (Plenge et al., 2013) . In applying human genetics to the drug discovery process, we see three consecutive challenges: (1) getting from the relevant phenotype to a robustly disease-associated genetic locus, (2) deriving mechanistic insights of the underlying normal and pathological biology, and (3) translating such knowledge into a testable therapeutic hypothesis relevant to the patient population. To address these challenges, we have categorized our discovery path from common disease locus to mechanism and therapeutic opportunity into five steps (Table 1) . While clearly focused on the discovery genetics aspect of the value creation chain in drug discovery, none of these workstreams should be considered in isolation. In fact, they should interact with and inform each other from the discovery process at the bench to clinical discoveries at the bedside, and vice versa. How to Identify Novel Targets for Schizophrenia? A first critical step in the approach employed by Pfizer WRD starts with the identification of putatively causal genes in LD (linkage disequilibrium)-independent loci associated with the disease. LD describes the fact that certain adjacent regions in the genome are inherited together more often than would be expected by chance. Working under the assumption that each LD-independent locus, particularly loci containing multiple genes, contains only one truly causal gene that gives rise to the disease association, we have developed and applied an integrative bioinformatics approach for identifying putative causal genes. Taking into account the genome architecture, functional variants (including expression and splicing QTLs [Lonsdale et al., 2013] ), and prior knowledge of gene function, we prioritized putative causal genes linked to the lead single-nucleotide polymorphism (SNP) of each independent disease-associated locus. We thus mapped > 90% of the 108 genome-wide associated loci from the PGC discovery sample to specific ''best guess'' single genes and ranked them for follow-up (Figure 1 ). It is worth noting that, despite significant recent progress, our current knowledge of functional variants especially relevant to brain tissues remains limited. Additional population-based multi-omics profiling data from large consortium efforts such as the Genotype-Tissue Expression project (Lonsdale et al., 2013) and advanced computational algorithms for integrative analysis are needed to further improve confidence in causal gene mapping.
As a next step, we annotated and prioritized this list of putatively causal genes with additional data, such as tissue-specific mRNA expression, known functional variation, disease-associated rare mutations from OMIM (http://www.ncbi.nlm.
nih.gov/omim), de novo mutations identified by recent exome sequencing studies (Purcell et al., 2014) , and prior literature knowledge. Where possible, we aimed at identifying an initial sense for direction of effect, such as increased or decreased expression levels, for the observed phenotypic association. This is important to develop an understanding of how the disease association might be reversed therapeutically, for example by agonistic or antagonistic mechanisms.
This initial annotation and prioritization reduced the overall list to 14 bioinformatically prioritized genes with increased confidence. Finally, we brought together a dedicated team of experts composed of geneticists, bioinformaticians, statisticians, chemists, pharmacologists, biologists, and clinicians to contextualize the putative target candidates from the list of annotated and functionally curated causal genes that showed the highest confidence. In an iterative and time-intensive effort, we reviewed each bioinformatically prioritized gene in depth, taking into account the known human biology, mechanistic hypotheses based on prior literature evidence, findings from animal models, potential safety and adverse event risks, chemical ''doability,'' and potential therapeutic hypotheses.
This overall workflow ( Figure 1B ) led to the identification of expertly reviewed genes with high confidence for experimental follow-up. Exploratory studies are currently under way for select new targets emerging from this locus-to-target triaging approach, aimed at addressing key gaps in confidence (such as unknown directionality of functional SNPs at the molecular level), mitigating potential safety risks, assessing the availability of chemical doability (i.e., druggability) and availability of reagents and tools, as well as identifying a set of preclinical and clinical endpoints relevant to schizophrenia, including neurocircuitry-based intermediate phenotypes. A strong focus is being placed on identifying a set of key experiments that can ''break'' rather than ''make'' a testable disease mechanism and potential therapeutic hypothesis. Such experiments include a range of approaches in cellular, animal, and nonhuman primate model systems to test the functional consequences and causality of the genetic association, beyond what might be considered ''traditional'' genetic knockout/transgenic approaches in animal models. As these experiments progress in the intermediate future, we fully expect a certain amount of attrition, but are also optimistic that the best targets will move toward proofof-mechanism and proof-of-concept studies in the clinic with a higher likelihood of success.
Case Examples
Currently, all approved pharmacological treatments for schizophrenia function primarily by blocking D2-type dopamine receptors. While it is highly encouraging to see that the DRD2 gene is among the top genetic loci uncovered by the PGC schizophrenia study and thus effectively validates the GWAS approach, D2-type dopamine receptor antipsychotics have limitations, mostly in the form of adverse side effects and poor efficacy against negative and cognitive deficits (Miyamoto et al., 2012) . Given the limitations of these medications, substantial efforts have been made to identify alternative treatment targets with novel mechanisms of action, most of which failed to date in clinical trials. Yet the PGC schizophrenia data may hold the key to future clinical success. Converging lines of evidence identified multiple themes relevant to drug discovery, including genes and pathways involved in synaptic transmission, neuroinflammation and the multiple histocompatibility complex (MHC), calcium signaling and homeostasis, as well as glutamate receptor function, regulation, and modulation (Ripke et al., 2014) . We would like to exemplify the output of the abovementioned locus-to-target triaging approach, i.e., the generation of testable mechanistic hypotheses for experimental 3. Gene to mechanism Understand the underlying biological and pathological mechanism(s).
Mechanism to disease
Identify a testable and actionable therapeutic hypothesis and opportunity for intervention.
5. Disease to medicine Match the therapeutic opportunity to the relevant pathogenic trajectory in the right patients.
follow-up (target validation) and the path and challenges toward formal portfolio entry based on three select case examples. Case Example 1: Calcium Channels and Brain-Specific Targeting Several L-type calcium channel genes are included in our candidate gene list as putatively causal genes in the PGC schizophrenia study, including CACNA1C (Ca V 1.2), CACNA1D (Ca V 1.3), and CACNB2 (Ca V B2). Although these ion channels are among the best-understood drug targets for indications such as hypertension, they have thus far received little consideration for CNS indications due to a feared unfavorable cardiovascular profile (Waszkielewicz et al., 2013) . In order to effectively target these channels for psychiatric indications, it will be critical to determine whether brain-selective mechanisms (e.g., expression, posttranslational modification, auxiliary subunit combination, and regulation) exist and whether they are amenable to selective pharmacology. Indeed, L-type calcium channels are known to express a large functional diversity, e.g., in cardiac and smooth muscle tissue (Lipscombe et al., 2013) . Understanding tissue and cell type selectivity will pave the way to effectively target these channels in schizophrenia.
Case Example 2: NMDA Receptor Function, Regulation, and Modulation Glutamatergic neurotransmission has been extensively explored (and thus far failed) as a potential therapeutic target in schizophrenia. Among the PGC findings, several genes involved in glutamatergic neurotransmission have the potential to make attractive novel drug targets, including GRIN2A, GRIA1, SRR, and CLCN3 (Ripke et al., 2014) . GRIN2A encodes the NMDA (N-methyl-D-aspartate) receptor subunit NR2A, a key mediator of synaptic plasticity. NMDA receptor hypofunction has long been hypothesized to be one of the major biological underpinnings in schizophrenia (Coyle, 2006) . GRIA1 encodes the glutamate receptor 1 (GluR1), a subunit of the AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor mediating fast synaptic transmission in the nervous system. AMPA receptor dysfunction has been linked to cognitive impairment associated with schizophrenia (CIAS), and several clinical trials have tested AMPA receptor potentiation as a modulator of cognitive enhancement in schizophrenia, thus far with mixed results. SRR encodes serine racemase, an enzyme that catalyzes the conversion of L-serine to D-serine, the latter being an essential coagonist and activator of NMDA receptors (Martineau et al., 2014) . Preclinical models have suggested that depletion of D-serine can induce schizophrenia-like symptoms (Ma et al., 2013) , but it remains to be seen how such findings translate into humans. CLCN3 encodes a voltage-gated chloride channel that localizes to glutamatergic synapses in the hippocampus, where it is thought to modulate synaptic plasticity (Guzman et al., 2014) . How this chloride channel specifically contributes to the underlying disease biology in schizophrenia is unknown, however. Efforts at targeting glutamatergic neurotransmission are not novel, in particular for NMDA receptors. As one of the dominant pathophysiology hypotheses in schizophrenia posits a reduced function in at least a subset of NMDA receptors and excess cortical glutamate, pharmaceutical efforts have focused on enhancing NMDA receptor function (e.g., with glycine transporter [GlyT] blockers) or reducing excess glutamate (with mGluR2/3 agonists). Unfortunately, these efforts have not produced positive results in the clinic yet. There are many reasons that can account for such failures, ranging from the selection of an inappropriate target to inadequate patient selection in the trials. The latter option is supported by post hoc analyses of A B
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Figure 1. Identification of Novel Targets for Schizophrenia Based on Human Genetic Data by Converging Lines of Evidence
(A) Starting from genetic loci robustly associated with schizophrenia, we aimed at identifying novel target candidates by causal gene mapping, bioinformatics annotation, and the development of testable neurocircuitry/molecular hypotheses by expert review. In this locus-to-target triaging approach, the number of candidates is dramatically reduced toward identifying highest-confidence targets.
(B) Overview of the locus-to-target triaging approach applied to the PGC2-schizophrenia GWAS data. Starting with 125 lead SNPs independently associated with schizophrenia in 108 genome-wide significant loci, we identified 114 putatively causal candidate genes by applying a bioinformatics pipeline for causal gene mapping. Further annotation of these candidate genes restricted the list to include 14 prioritized genes with a postulated directionality of effect. After expert review of each target, which included a host of factors relevant for drug discovery to develop initial therapeutic hypotheses, five genes were shortlisted for further follow-up. Exploratory studies are currently under way for the three targets that emerged from this locus-to-target triaging approach with highest confidence.
recent trials (Rabinowitz et al., 2013) suggesting patients in early disease stages or with more profound cognitive deficits are more likely to show a response. We are confident, however, that the genetic findings contained in the PGC schizophrenia study can indeed provide better guidance as to which targets and subpopulations might be best suited to address the glutamatergic neurotransmission deficits observed in schizophrenia. Case Example 3: AKT/GSK3 Signaling Pathway and Schizophrenia Several genes identified by our causal gene mapping efforts point to a potential involvement of the mechanistic target of rapamycin (mTOR) pathway in schizophrenia, including AKT3 (PKB) and DGKZ (DGK-ZETA). AKT/GSK3 signaling has received therapeutic interest in psychiatry for some time. These are signaling mechanisms critical for cell survival and proliferation, and in the CNS they have a clear role in synaptic signaling and cell homeostasis (Morgan-Smith et al., 2014) . The link to mTOR and other signaling pathways has brought attention to these pathways in regard to a diverse set of psychiatric conditions, including autism and schizophrenia (Emamian, 2012) . Despite this high interest, the ubiquitous nature of these signaling pathways provides a high risk for unwanted effects if any of these enzymes was targeted directly. A better understanding of how AKT and its pathway are affected in brains of subjects with schizophrenia, e.g., by studying the cell type-specific transcriptome, epigenome, or proteome, could open the way to determine targets for novel approaches that could provide the desired brain selectivity and avoid serious systemic consequences. In fact, determining whether putative schizophrenia risk genes show indeed different profiles in the brains of affected subjects versus healthy controls, as assessed by multiple omics technologies, would certainly not only further our confidence in the role of these genes in the underlying disease biology, but facilitate prioritization of such genes with regard to drug discovery.
Challenges, Limitations, and Outlook Despite success at last for schizophrenia genetics in identifying robust and replicable risk loci, the fundamental gaps in our understanding of the etiology and pathogenesis of schizophrenia remain far from closed. These gaps pose significant challenges in our capabilities to identify key disease mechanisms that lend themselves to therapeutic interventions and thus new drug targets. In fact, the established strategies have not led to successful, fundamentally new schizophrenia medications in decades. Clinical and molecular investigators have independently begun to address these gaps in large cohorts from two opposing ends: at the genetic level (through genome-wide association studies [GWAS] and next-generation sequencing studies [NGS] ) and at the brain circuitry level (through neuroimaging and neurophysiology studies).
An important challenge in our approach is the very small effect size (odds ratio) of even the most robustly associated common variant loci. It has become clear from other fields and retrospective analyses of how drug targets map onto GWAS-implicated pathways that a direct extrapolation from odds ratio to biological effect size of implicated mechanism is seldom possible (Okada et al., 2014) . In our view, the key information obtained from a GWAS is the statistically robust and unbiased but categorical identification of specific human biology as disease-causing. The more genes for any given pathway are implicated through human genetics, the greater our confidence will be to prioritize this pathway over others and eventually be in a position to look for biological interactions between genes of the same pathway. Yet the exact degree to which individual biological pathways contribute to the disease, as well as opportunities to identify biomarkers for subpopulations, cannot be answered with our current human genetics tools and thus need to be addressed through biological experiments.
Another challenge is the likely complex genomic architecture in schizophrenia, a disorder with clear polygenic and environmental factors. Our approach of seeking biological pathways with multiple candidate genes may help reduce this risk and allow a thorough exploration of gene-gene and gene-environment interactions by informing further studies (e.g., assessing gene expression in critical brain regions in brains from patients and controls) that could elucidate how these interactions may correlate with disease. Indeed, we foresee exploring gene expression data as a necessary next step to address these issues within a systems biology conceptual framework.
Working under the assumption that abnormal behavior observed in psychiatric conditions reflects abnormal brain function, a plethora of imaging genetics studies have explored the impact of risk genotypes on brain function using abnormal information processing at the circuitry level as an intermediate phenotype, including white matter integrity (Kochunov and Hong, 2014) . Largely, these studies have either been relatively small (and likely underpowered), or they have tested nonreplicated candidate gene associations, or both. The robust PGC genetic findings, however, should elicit a wave of fresh enthusiasm for using imaging genetics in appropriately sized cohorts as a unique and powerful strategy for understanding the underlying neural mechanism of genetic risk variants at the human brain level. Large-scale academic collaborative analyses of neuroimaging and genetic data, e.g., as conducted by the ENIGMA Consortium (Thompson et al., 2014) , will be well positioned to address some of these prior limitations (i.e., cohort size). However, the critical bottleneck remains the paucity of cohorts that have both deeply phenotyped neuroimaging and neurophysiology as well as genome-wide genotype data available to interrogate both modalities simultaneously and in the same sample. We believe that such a combined analysis is essential in order to further our understanding of disease biology and enable new drug target identification, as well as the identification of neuroimaging/neurophysiology biomarkers as surrogate endpoints in early clinical development and potentially for patient segmentation.
Naturally, many open questions remain at multiple levels for which we would ideally like to see answers to bridge the gap from genetic locus to novel target mechanisms for schizophrenia. How much additional data, e.g., genomic, clinical, and epidemiological, do we truly need to convincingly propose a novel drug target with an expected high likelihood of success in clinical studies? What type of data is best suited in what circumstance? What strategies for patient segmentation and experimental human biology, e.g., neuroimaging, neurophysiology, etc., can human genetics provide? Despite such outstanding questions, the stage has never been set with more plentiful opportunities to accelerate drug discovery and development deeply rooted in human genetic findings, and we are highly optimistic about what the future may hold for psychiatric drug discovery. If we take advantage, as a field, of this opportunity, drug discovery in psychiatry may repeat the breakthrough and advances in personalized medicine we have become accustomed to in oncology in recent years.
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